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ABSTRACT 
 
Emily Browning: Rainwater effects on Water Quality in a  
Tropical Semi-Arid Island Environment 
(Under the direction of Dr. Diego Riveros-Iregui and Dr. Jill Stewart) 
 
 Local doctors have reported that when it rains on the island of San Cristóbal in the 
Galápagos more people are in the hospital due to gastrointestinal issues. This is the first study to 
evaluate whether rainfall has a predictive effect on microbial water quality on the island. Over 
the course of 2 years, microbial data was taken from 11 sites on the island. Statistical analysis 
including linear regression models and linear mixed effect models were done to evaluate whether 
microbial data can be predicted with varying amounts of rainfall. Analysis was also done to 
evaluate whether water quality changes with varying amounts of rainfall depending on a site’s 
relative position on the island. Overall, there were relatively few instances where the findings 
suggested an association between the data and rainfall. However, consistent with previous 
research in similar semi-arid, island environments, the data used in this study did find 
statistically significant associations between some of the site’s microbial data and cumulative 
rainfall 24 and 48 hours before water collection.  
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INTRODUCTION 
 
Access to safe water is fundamental to support all life systems. Geological, 
hydrological, climatic and anthropogenic dynamics inextricably factor into water quality. 
Specifically, climatic conditions such as droughts, heavy rainfall, temperature extremes and 
wind have been identified as having both indirect and direct consequences on access to safe 
water (Stanford et al., 2013). Additionally, the World Health Organization (WHO) indicates 
that microbial agents are the most significant cause of poor water quality in every region of the 
world (WHO, 2004). The effects of microbial agents on the human body can be seen through 
waterborne diseases, which cause a multitude of symptoms such as diarrhea (Nataro & Kaper, 
1998). In 2000, the estimated global mortality of diarrhea attributable to environmental 
conditions was 47,000 people (Campbell-lendrum, Prüss-üstün, & Diarmid, 2007). Diarrheal 
outbreaks in communities is often used as an indication of unsafe water (Carpenter et al., 2003; 
Environmental Protection Agency, 2010).  
Mounting evidence has emphasized the linkage between rainfall intensity and water 
quality across numerous sites with varying climatic regimes (Curriero et al., 2001). Many 
diarrheal outbreaks regardless of geography have been found to be associated with heavy or 
frequent precipitation events. One such event was in May 2000, when a small town in Canada 
experienced bacterial pollution in their drinking water, causing more than 2000 people to be ill 
with waterborne disease symptoms (O’Connor, 2000). Studies indicated that the contamination 
was due to an unexpectedly heavy rainfall the week before the outbreak, which facilitated the 
transport of the bacteria from a nearby farm to the well used for the town’s drinking water (Auld 
et al., 2004).  
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Data from all waterborne disease outbreaks between 1948 to 1994 in the United States 
was compared to corresponding levels of precipitation and showed a statistically significant 
association between extreme precipitation events and outbreaks (Curriero et al., 2001). Similar 
research on Canadian outbreaks between 1975 to 2001 showed that the odds of an outbreak 
doubled when the outbreak was preceded by extreme rainfall events (Thomas et al., 2007). 
Research done that reiterated a positive association between heavy precipitation events and 
hospital admissions for intestinal diseases in Ho Chi Minh City, Vietnam is consistent with an 
association between rainfall and pediatric hospital visits for gastrointestinal illness in Wisconsin, 
USA (Drayna et al., 2010; Phung et al., 2017). Similar results were found in Ecuador, which tied 
diarrhea outbreaks and rainfall due to the heavy precipitation’s ability to contaminate the 
drinking water (Carlton et al., 2014).  
In each of these studies, the most significant bacteria contributing to the diarrheal 
outbreaks and decreased water quality was Escherichia coli (E. coli). Although E. coli naturally 
occurs in the intestine of humans, some strains are pathogens that originate from human or 
animal feces (Maczulak, 2011). E. coli is one of the most prominent microbes that causes 
diarrheal diseases (Maczulak, 2011; WHO, 2004). As a result, E. coli and total coliforms are 
often used as an indication of fecal contamination in water sources resulting in poor water 
quality which could lead to diarrheal infections (Maczulak, 2011; Hellberg et al., 2015). In water 
quality assessments, the guidelines outlined by the WHO indicate an objective of 0 colonies of E. 
coli to be detected in 100ml of water for all water supplies (WHO, 2004). E. coli can survive in 
moist conditions with temperatures ranging from 5°C to 37°C for 50-70 days (Chalmers et al., 
2000). Completely submerged in water, the bacteria will live in colder temperatures around 8°C 
for up to 90 days (Wangt et al., 1998). To add to the already high environmental stability of E. 
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coli, dormancy states of the bacteria have been found, which further their ability to survive in 
normally uninhabitable conditions (Wangt et al., 1998). Soil characteristics also determine its 
likelihood for survival. Soils with vegetation, cattle manure and temperatures between 20°C and 
45°C enhance E. coli’s ability to survive (Maczulak, 2011; Islam et al., 2004).  
Problems associated with poor water quality that leads to diarrheal outbreaks is 
heightened in island environments where water availability is limited, populations are relatively 
dense in comparison to continental populations and water management is lacking. Anthropogenic 
factors such as population density, land use and methods of sanitation have a substantial effect 
on the availability of quality water (Carpenter et al., 2003). The magnitude of the effect of poor 
water quality on islands is seen in higher incidence of diarrheal diseases. A study done on small 
Pacific islands found that one of the major causes of poor water quality was due to fecal 
contamination from domesticated livestock which washed into water supplies after a heavy 
rainfall (Carpenter et. al., 2003). These results were consistent with those done in Hawaii which 
found that an increase in watershed bacteria could be attributable to extreme changes in rainfall 
(Strauch et. al., 2014).  
In the Galápagos Islands, anthropogenic effects have caused island development to 
surpass infrastructure for potable water, sewage and waste disposal. The growing population due 
to a focus on tourism and commercial development has challenged water management strategies. 
This population growth is evidenced by a 9.5 percent increase every 5 years. The residential 
population was 25,244 in 2015, which was coupled with a tourism population of around 175,000 
in 2008 (Instiuto Nacional de Estadistica y Censos, 2015; World Heritage Centre/IUCN, 2010). 
Not only are the islands unable to satisfy the needs for basic water infrastructure services of the 
rapidly growing resident and tourist populations, but the water that is available is often polluted 
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(Epler, 2007). In the Galápagos, 21.6% of residents have cited wanting the government to place 
more emphasis on health and sanitation such as potable water and water sanitation (Tapia et al., 
2014). Research done on Santa Cruz, one of the Galápagos Islands, found that the methods of 
water distribution and household practices help explain water contamination, and that 40% of 
residents who participated in the survey were sick with gastrointestinal infections (Liu et al., 
2013). Additional studies cite evidence for water contaminated by E. coli on San Cristóbal 
(Galápagos Conservancy, 2010; Stumpf et al., 2013). In 2014, a new drinking water treatment 
plant was installed. It is unclear if the anecdotal evidence indicating a relationship between 
rainfall and sickness ceased after this installation in 2014. For the purpose of this study, the 
hypothesis that rainfall is suggested to effect water quality will be evaluated under the 
assumption that the anecdotal evidence is still relevant.   
Being a tropical environment, the Galápagos Islands contain favorable conditions which 
enable E. coli and other fecal coliforms to survive and multiply (Strauch et al., 2014). The 
climatic conditions along with growing populations, poor water infrastructure and high 
prevalence of cattle can be attributed to large numbers of E. coli that has been found in the water 
of San Cristóbal (Stumpf et al., 2013; Strauch et al., 2014). The processes of E. coli 
contaminating water sources are poorly researched on the islands. Despite anecdotal evidence to 
suggest rainfall as a contributing factor to the diarrheal outbreaks on San Cristóbal, little research 
has been done to understand the methods and effects (Stumpf et al., 2013; Walsh et al., 2017). 
Conclusions in research investigating water quality on the islands specifically cite the need to 
investigate rainfall-associated bacteria contamination events to better understand how to improve 
water quality on the islands (Stumpf et al., 2013).  
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The demand to understand the relationship between water quality and rainfall is further 
complicated by evidence indicating future climate change. In the Galápagos, climate models 
have shown an increase in temperature, rainfall and more extreme El Niño events ( Singh et al., 
2001; Conservation International, 2011; Larrea et al., 2011). These changing climatic conditions 
may change the water quality of the islands, especially in terms of the association between 
rainfall and increased coliform and E. coli levels.  
This study focuses on addressing two questions important to understand, control and 
predict water quality for the island of San Cristóbal. First, how does temporal variations in 
rainfall affect the concentration of coliform and E. coli in the water samples? Second, how does 
rainfall affect the occurrence of coliform and E. coli in different parts of the water distribution 
system?  
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METHODS 
 
RAINFALL DATA 
 
Climatic data was collected at a meteorological weather station that is located at El Junco 
which is 690 meters above sea level and is close in distance to the other highest peaks (709m, 
713m) on the island (Sobel et al., 2011). The residential area and water treatment processes occur 
on the leeward side at a lower elevation, whereas El Junco is on the windward side. Due its 
windward side location, El Junco is a focal point for rainfall enhancement for the residential area 
and serves as a baseline for characterizing that portion of the island’s rainfall.  
 The precipitation collected at the weather station used the standard for measuring rainfall 
in remote locations. This measurement was obtained through a tipping bucket rain gauge (Texas 
Electronics, Model TR-525M) set at 15-minute time intervals. The bucket tips when precipitation 
reaches 0.250 mm. Each tip is then logged into the system and downloaded from the system and 
exported as a text file. Data used for this study extended from August 2015 until July 2017. The 
weather station was installed by Dr. Diego Riveros-Iregui’s lab and is maintained by the 
Galápagos Science Center. 
MICROBIAL DATA 
 
Since 2014, E. coli and coliform measurements have been taken at 22 different water 
sampling sites on San Cristóbal Island. For the purpose of this study, 11 sites were used in the 
data analysis (Table 1). These 11 sites provided the consistent measurements needed in 
conjunction with the dates available for the rainfall data (August 2015-July 2017).   
The water sampling sites range in location on the island (Figure 1) as well as their 
location in the water treatment process (Figure 2). Sites 9 and 10 are springs in the highlands that 
should be representative of raw, natural water before significant anthropogenic influence. The 
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Cerro Gato spring at site 9 feeds into the Las Palmeras water treatment plant (sites 14, 15). The 
La Toma spring at site 10 feeds into the El Progresso water treatment plant (sites 12, 13). Both 
water treatment plants (Las Palmeras and El Progresso) are outside of the residential area of the 
island. Sites 12 and 14 are influents, which sample the water quality before the water treatment 
process. Sites 13 and 15 are effluents, which sample the water quality after the water treatment 
process. Sites 11, 16, 17, 18 and 19 are representative of water that has been treated by one of the 
water treatment plants and distributed to residents in the residential area of the island. Site 17 and 
18 are water quality samples that are taken at the same residence, the residential cistern (site 17) 
feeds the residential tap (site 18). The Galápagos Science center has an additional internal water 
treatment process (site 11). Site 11 undergoes a water treatment process similar to sites 16-19 as 
well as a secondary filtration process.  
Figure 1 gives a spatial indication of where the sites are relative to each other as well as 
where each of these sites are relative to the island’s geography and topography. Figure 2 
demonstrates the differences of each site in terms of their position in the water treatment process 
by adding the visuals for each site’s average microbial levels.  
 Samples of water for each site were taken in a range of climatic events such as wet 
season, dry season, El Niño and La Niña. 100 mL were collected in sterile plastic vials and 
transported on ice to the Galápagos Science Center. Raw freshwater samples (sites 9 and 10) 
were diluted 1:10 in deionized water. The Colilhert-18 media was put into the samples and 
dissolved so that it could be transferred to the Quanti-Tray/2000 to be incubated at 35°C for 18 
hours. After counting the number of yellow wells for total coliforms and number of fluorescent 
wells for E. coli calculations were done in the IDEXX Generator software. These calculations 
generated the most probable number in 100mL with a 95% confidence interval. Dr. Jill Stewart’s 
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lab at UNC – Chapel Hill contributed the data for this study from their ongoing water quality 
research in collaboration with Dr. Valeria Ochoa-Herrera at the Universidad of San Francisco 
Quito and the Galápagos Science Center.  
SAMPLING APPROACH 
 
The sampling dates for the microbial data and the rainfall data were only included in data 
analysis if the dates aligned. This, I used data from 8/26/2015 until 7/20/2017. The analysis 
needed rainfall data that proceeded each microbial sample date by at least 30 days. Therefore, 
although the date range for the data set is large, only 20 corresponding microbial and rainfall 
measurements met that criteria. Table 2 lists which water sample collection date from the 
microbial data was used and its arbitrary number label.  
Consistent with other microbial research, the raw data for coliform and E. coli counts at 
the different water sampling sites is skewed. Therefore, the data was log transformed. This 
allowed statistically analysis under the assumption of a normal distribution.  
Due to the nature of the rain gauge tipping bucket, if it does not tip, because it does not 
fill to 0.254mm, it records a 0 for that 15-minute interval. Cumulative sums were used to 
aggregate the raw rainfall data.  
Because E. coli is a form of coliforms, preliminary linear models were created to analyze 
their relationship. Analogous to previous research, a linear model was created due to the 
assumption that the relationship between the E. coli data and coliform data can be modeled by a 
straight line (Eisenberg et al., 2006; Stumpf et al., 2013).  
TEMPORAL DATA ANALYSIS  
 
For each microbial data collection date, the rainfall cumulative sums were calculated for 
50, 15, 7 days, as well as 72, 48 and 24 hours prior. This was consistent with literature that 
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indicated different hydrological systems are affected by rainfall at varying temporal scales 
(Curriero et al., 2001, Thomas et al., 2007, Carlton et al., 2014). To understand how rainfall 
affects microbes in the water samples, the varying temporal cumulative sums were helpful.  
To analyze the relationship between rainfall and the microbial data, linear regression 
models was used. Because it is unclear which temporal predictor could cause an effect on 
microbial data, preliminary background stepwise selection was used to assess the relationship. 
Background stepwise selection provides statistical results to characterize how to best subset the 
selections of the linear model. Two stepwise background selection models were done for each 
site’s coliform and E. coli data. One model included the daily cumulative rainfall before the 
water collection data and the other model only included the hourly cumulative rainfall before the 
water collection data. The results of this model help remove the least useful predictor one-at-a-
time to yield the most successful predictors and create the optimal model to predict microbes at 
each site based on temporal rainfall.  
After preliminary background stepwise selection, individual models were run for each 
site against each of the six predictors (50, 15, 7 days, as well as 72, 48 and 24 hours prior). For 
these models, the coliform and E. coli at each site was run against each of the six cumulative 
sums. In summary six models were created for both the coliform data and the E. coli data for 
each site totaling 132 models. The standard hypothesis test procedure was used. For example, 
when testing coliforms for site 9 and rainfall 24 hours before the water sampling dates the null 
hypothesis was that there is not a significant linear relationship between coliforms at site 9 and 
rainfall 24 hours before. The alternative hypothesis was that there is a significant relationship 
between coliforms at site 9 and rainfall 24 hours before. The linear model output would compute 
the adjusted test statistics for that linear relationship, if that value is less than the critical value of 
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0.05, than the null hypothesis would be rejected in support of the alternative hypothesis and 
conclude that there is sufficient evidence to suggest that there is a linear relationship between the 
coliform data at site 9 and rainfall cumulative sums 24 hours before coliform samples at site 9 
were taken. If the critical value is greater than 0.05, the hypothesis test would conclude there is 
not sufficient evidence to suggest a linear relationship.  
In conjunction with previous research, to further analyze the relationship of microbes and 
rainfall, the cumulative sums for each temporal prediction (24,48, 72 hours and 7,15, 30 days) 
were separated by their respective quartiles. These groupings were based on the statistical range 
of values within each temporal prediction. This range of values provided three groupings of 
varying collection dates per temporal prediction. Table 3 depicts which water sampling 
collection date (n=23) for each of the temporal rainfall predictions (6) had cumulative rainfall 
sums that corresponded to each of the respective temporal rainfall ranges (3).  
In Table 3, it is evident that the relative position of each water sampling collection date 
can be different for each temporal rainfall prediction. A linear regression model was then created 
to evaluate the relationship between each site’s coliform and E. coli against the corresponding 
rainfall cumulative sums depending on which temporal rainfall prediction was being tested.  
For example, when analyzing whether the amount of rainfall 24 hours before the water 
was sampled significantly affects site 9’s coliform data, 3 linear models were created. One linear 
model tested the association between site 9’s coliform data and the 24 hour cumulative rainfall 
for just the water sampling collection date labels that fulfilled the rainfall sum criteria of having 
rainfall was between 4.3mm and 650mm. This criteria is based off of the interquartile range of 
all the 24 hours before cumulative sums. That interquartile range was then separated into the top 
25% the middle 50% and the bottom 25%. For this example, the heavy rainfall for 24 hours 
 19 
before that was between 4.3mm and 650mm was the rainfall that fell in the top 25% of all other 
cumulative 24 hour before rainfall sums. In Table 3, it is evident that the water sampling 
collection date labels that meet that criteria are 3, 4, 36, 37 and 46. The null hypothesis of this 
first example is that there is not an association between site 9’s coliform data and the 24-hour 
cumulative rainfall sums for collections taken at 3, 4, 36 and 46. The alternative hypothesis is 
that there is an association between site 9’s coliform data and the 24-hour cumulative rainfall 
sums for collections taken at 3, 4, 36, and 46. The linear model is created and if the p-value is 
less than the critical value of 0.05 there is sufficient evidence to reject the null in support of the 
alternative. The second model would test site 9’s coliform data and the 24-hour cumulative 
rainfall for just water sampling collection date labels 5, 6, 35, 39, 42, 44, 45, 49, 50. The third 
model would test site 9’s coliform data and the 24-hour cumulative rainfall for water sampling 
collection date labels 1, 2, 38, 40, 41, 47, 43, 48.  In summary, each site’s coliform and E. coli 
data tested in comparison to each of the temporal rainfall’s quartiles for a total of 396 models.  
SPATIAL DATA ANALYSIS 
 
As previously discussed, the characteristics of each site vary in terms of characteristics in 
the water distribution system and their location geographically (Figure 1, Figure 2, Table 1). 
Because of the variability in underlying similarities of these sites, to answer the second question 
of this study, which focuses on how rainfall affects the presence of microbes at different points 
in the water distribution system, clusters of the sites were created.  
Six different possibilities were used for the analysis based on site type and site location 
(Table 4). Many of the six cluster possibilities contain consistencies in the site groupings. 
Because sites 9 and 10 reflect raw spring water of the water distribution system, they are 
assumed to have similar properties and therefore should have similarities in their microbial 
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characteristics. Additionally, because sites 12 and 14 are raw water influents, they should also 
reflect microbial similarities. This rational is reflected in Table 4 column 2 rows 1, 3, 4 and 5. 
Because sites 11, 16, 17, 18 and 19 are all residential sites distanced from the other sites both 
temporally and spatially in the water treatment process, it can be anticipated they all have similar 
microbial characteristics in relation to the water distribution system (Table 4: column 4 rows 1-
3,4 and column 5 row 1). Lastly, to reflect the hydrological data that the water from sites 12 and 
13 comes from site 9 and the water from sites 14 and 15 comes from site 10 these sites were also 
grouped together (Table 4: row 6 columns 2-3).  
These clusters were analyzed through fit linear mixed-effect models (LMER). LMER 
creates a statistical model that can incorporate both the fixed and random effects within the 
potential groupings of the sites in comparison with the other groupings of the sites (Bates, 
Mächler, Bolker, & Walker, 2015).   
For each of the cluster proposals and for each of the potential temporal rainfall predictors 
a linear mixed model is fitted. From this model, the fixed effects can be calculated and placed 
into a matrix. This matrix will then be used for simultaneous tests for general linear hypotheses. 
The standard hypothesis testing is then used to compare the p-values produced by the matrix.   
For example, when testing coliforms for the first proposed cluster and rainfall 24 hours 
before the water sampling dates the null hypothesis was that there is not a significant difference 
between coliforms across the different groupings and rainfall 24 hours before. The alternative 
hypothesis was that there is a significant difference between coliforms across at least one of the 
different site groupings and rainfall 24 hours before. Once the matrix is for the fixed effects and 
those fixed effects then undergo linear model testing. The matrix produced by this example 
would yield three separate p-values, which correlate to the comparisons of each of the groupings 
 21 
within the cluster. If the p-value comparing group 1 to group 2 is less than the critical value of 
0.05 than the null hypothesis would be rejected in support of the alternative hypothesis to 
conclude that there is sufficient evidence to suggest that between group 1 and group 2 the 
response of their coliform levels in the water to 24-hour cumulative rainfall before varies. If the 
critical value is greater than 0.05 then the hypothesis test would conclude there is not sufficient 
evidence to suggest that the variation in coliform data between group 1 and group 2 are 
significantly different.  
For these models, each grouping of sites within a proposed cluster was run for coliform 
and E. coli against each of the other groupings in that cluster. In summary six models were 
created for both the coliform data and the E. coli data for each proposed cluster for a total of 72 
models. The standard hypothesis test procedure was used.  
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RESULTS  
 
The results of the linear model of the log transformed total coliforms and E. coli across 
all sites can be seen in Table 5. The point estimate of the slope of the line is 0.51, the standard 
error of this estimate is 0.02, and the t-test statistic is 20.5. Because the p-value (<2e-16) is less 
than the critical value of 0.05 there is sufficient evidence to reject the null hypothesis that E. coli 
and coliforms do not have a statistically significant linear relationship. This null hypothesis is 
rejected in favor of the alternative hypothesis to suggest that E. coli and coliforms may have a 
linear relationship. Figure 3 provides a visual representation of the relationship between the log 
transformed coliforms vs. log transformed E. coli. Figure 3 visually depicts an overall positive 
correlation between coliforms and E. coli; however, it also indicates outliers to that linear trend. 
These outliers lie at 0 for E. coli but varying values for coliforms. To further evaluate the linear 
model of E. coli and coliforms a plot of residuals vs. the fitted values from the linear model 
highlights that some of the error in the linear model is not random (Figure 4). Because there is a 
non-random pattern in (Figure 4) it suggests that in the E. coli and coliform linear model, there 
may be a variable missing to indicating the relationship is not linear. The final plot created to 
visualize and identify the non-linearity in the data can be seen in Figure 5. This figure highlights 
that for low levels of E. coli the actual values are greater than what is predicted whereas for high 
levels of E. coli both the predicted and actual values vary from the linear model’s line of best fit. 
Overall, the statistical results of this linear model suggest that the relationship between coliforms 
and E. coli is nonlinear and another variable should be added to create a quadratic regression 
equation model.  
 The results for the initial background stepwise selection are provided in Tables 6-9. In 
summary for Table 6 it is evident that for site 11, 13, 14, 15, 16 and 19 the p-values are greater 
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than the critical value so there is not sufficient evidence to suggest there is a relationship between 
coliform data at each of the sites and any of the 3 temporal rainfall predictors. For sites 9, 12 and 
17 although the p-value is greater than the critical value, it is considered borderline significant. 
For site 10 all three of the temporal rainfall predictors contribute to a model that yields a p-value 
less than the critical value to indicate that there is sufficient evidence to suggest there is a 
relationship between coliform data at site 10 and any of the 3 temporal rainfall predictors. The 
total coliforms average across all 11 sites was also run for each of the temporal predictor and the 
model yielded a p-value of 0.026 indicating there is sufficient evidence to suggest that there is a 
relationship between average coliforms for all 11 sites and any of the 3 temporal rainfall 
predictors.  
 Table 7 shows that the p-values for all the sites were greater than the critical value, so 
there is insufficient evidence to suggest there is a relationship between coliform data at each of 
the sites and any of the 3 temporal rainfall predictors. 
 Table 8 shows that for sites 9 and 15, all three temporal rainfall predictors yield a p-value 
to indicate there is sufficient evidence to suggest there is a relationship between E. coli and the 3 
temporal rainfall predictors. For site 18 when eliminating the 15-day predictor, there is sufficient 
evidence to suggest there is a relationship between E. coli data at each of the sites and 2 of the 
temporal rainfall predictors. There is insufficient evidence to suggest there is a relationship 
between E. coli data at sites 14, 17 and 19 and any of the 3 rainfall predictors. Both sites 10 and 
12 yield p-values that could be considered borderline significant. The E. coli average across all 
11 sites was also run for each of the temporal predictor and the model yielded a p-value of 
0.05214 indicating there is also borderline significance (p-value between 0.05 and 0.08).  
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 Finally, the high p-values for the models at sites 9-14 and sites 17-18 indicate there is 
insufficient evidence to suggest a relationship between site E. coli data and any of the 3 temporal 
rainfall predictors (Table 9). The low p-value for site 15 and site 19 indicates there is evidence to 
suggest a relationship between the temporal predictors and E. coli data.  
 To reiterate the results of the background stepwise selection the 132 models that ran a 
separate linear model per site, per temporal predictor and per microbial data. Of all the 132 
models, none results in a p-value lower than the critical value. This indicates there is insufficient 
evidence to suggest that there is a relationship between any 1 of the temporal rainfall predictors 
and either coliforms or E. coli at each individual site. In summary, it was concluded there is not 
sufficient evidence to suggest a linear relationship for any of the 6 temporal rainfall predictors 
across all of a sites microbial data as a whole.  
 The next step was analyzing the linear relationship of the microbes in comparison to how 
much rainfall occurred before the site’s water quality was sampled. A summary of these results 
can be seen in Table 10. For all temporal predications, the most significant association between 
microbes and rainfall is seen in the 3rd Quartile (8 Coliforms, 8 E. coli). The second most 
significant association for temporal predictions is seen in the 1st Quartile (5 Coliforms, 2 E. coli). 
Table 11 also illustrates that 3rd Quartile of all temporal predictions contains the most number of 
associations (71.4%). 
There is more evidence to suggest an association between microbial data and rainfall 
cumulative sums when the prediction is 24, 48 or 72 hours (14 total, 66.6% prevalence) in 
contrast to rainfall cumulative sums 7 or 15 days before (7 total, 33.3% prevalence). For linear 
models that compared the microbial data and rainfall cumulative sums 30 days before the sample 
collection date, there was not sufficient evidence to reject the null hypothesis of all 66 tests (that 
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there is no association between rainfall 30 days before for each site and that site’s microbial 
data). Table 11 demonstrates that there was evidence to suggest the most associations between 
each site’s microbial data and rainfall that occurred before the sample was collected was for 
temporal rainfall predictions 24 and 48 hours before. In addition, the evidence suggested the 
most associations between rainfall and microbial data were those where the cumulative rainfall 
24 or 48 hours before the water sample was collected amounted to the top 25% of all cumulative 
rainfall sums (Table 11). The sites with the evidence to suggest an association between their 
microbial data and rainfall the most are depicted in Table 12.   
 An excerpt of the results to different grouping’s response to coliform data can be seen in 
Table 13.  This excerpt highlights the estimate and standard error that in combination with a high 
p-value cannot be statistically accepted as significant. Overall throughout all the tests for 
comparing the different groupings amongst themselves none provided sufficient evidence to 
indicate that the groupings microbial data responds to rainfall differently. Due to lack of 
sufficient evidence the null hypothesis for all the models was failed to be rejected.  
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DISCUSSION 
 
 The overarching goal of this paper was to address how rainfall affects total coliforms and 
E. coli presence across time and space on San Cristóbal Island, Galápagos Islands. The main 
findings of this paper are: 1) rainfall’s effect on coliform and E. coli was not related to 
seasonality but rather to the magnitude of the precipitation event that preceded the water sample 
collection; 2) microbial dynamics are more heavily affected by da rather than weekly cumulative 
rainfall 3) rainfall is a predictor of microbial dynamics, particularly for sites located in the 
highlands of San Cristóbal 4) rainfall 30 days prior to water sample collection did not show an 
effect on either coliform or E. coli 5) the relationship between the landscape position in the water 
distribution network and microbial information is not entirely clear and warrants further 
investigation.  
 The first finding indicating that magnitude of the precipitation event before water sample 
collection is a stronger predictive variable for microbial data than seasonality revisits the 
preliminary tables. In Table 2, the average cumulative sums for each of the temporal predictors 
align relative to the seasonality they are representing. The highest average cumulative sums are 
in the rainy El Niño season, lowest average cumulative sums are in the dry period of La Niña 
season and in between is the normal dry season. The original hypothesis of this study was 
derived from anecdotal evidence that suggested that with more rain there are more coliform and 
E. Coli in water samples in San Cristóbal, Galápagos. This would imply that the rainy season 
should be the strongest predictor of the microbial data. However, Table 3 reiterates how the time 
of the year that the site was sampled does not indicate how much rain might have occurred 
before the water was sampled. 50% of the 3rd Quartiles of 24 and 48 hour (which contained the 
majority of the statistically significant associations) were water sampling collection dates that 
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were taken in the dry season (Table 3). 71.4% of the associations were in the top 25% of the 
cumulative rainfall sums whereas the other 28.6% of the associations were in the bottom 25% of 
the cumulative rainfall sums (Table 11). There was not enough evidence to suggest that average 
50% of cumulative rainfall sums was associated with microbial data (Table 11).  
The evidence used in this paper suggests that waterborne fecal coliforms and E. coli is 
not predicted by seasonality as much as the magnitude of the precipitation event before the water 
sample is collected. A potential explanation for this is that the magnitude of the precipitation 
event is a stronger indicator of water quality than the time of the year. This is well supported by 
literature which indicated that the magnitude of the precipitation event is most predictive of 
microbial data (Drayna et al., 2010; Phung et al. 2017). An explanation to this hypothesis can be 
due to the high soil saturation that occurs in San Cristóbal due to the increased magnitude of 
rainfall which in turn promotes the migration of coliforms and E. coli into the water (Yates et. al, 
1988; Lipp et al., 2001). A similar hypothesis was evaluated in a study in Hawaii, which found 
that changes in water quality were due to extreme rainfall variations (Strauch et al., 2014).  
The second finding that hourly rainfall before water sample collection is a stronger 
predictor than weekly rainfall is based on the results of the temporal data analysis (Table 11). 
The high prevalence of associations between microbial data and hourly rainfall (66.6%) as 
opposed to weekly rainfall indicates the likelihood that hourly rainfall is a better predictor for 
water quality. The results of this study suggest that for the sites with significant associations 
between rainfall and microbial data as the time since water collection sample increases, rainfall 
becomes less of a predictor for the coliforms and E. coli (Table 11). The results of this paper can 
lead to an explanation that hourly rainfall before a water sampling event is likely a stronger 
indicator of microbial data than weekly rainfall before a water sampling event. This explanation 
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is consistent with past research which highlights different microbes survive at varying rates 
dependent on the environment (Yates et. al, 1988). It is likely that the highly clayey soils of San 
Cristóbal reduce infiltration and facilitate overland flow and with it the loading mechanism for 
coliforms and E. coli immediately after precipitation events. This loading is observed on a less 
than 3 days rather than weekly basis (Yates et. al, 1988; Strauch et al., 2014). This phenomenon 
has been observed on other semi-arid, volcanic island environments, which show an hourly 
loading mechanism for increasing coliforms and E. coli in surface water (Singh et al., 2001; 
Strauch et al., 2014). 
The third finding indicating that sites located in the highlands shows a significant 
association between rainfall and microbial data (Table 10). The majority of the sites that had 
significant associations between the rainfall and microbial data were those that are considered 
raw, natural water located in the highlands (Table 12). Site 9, 10 and 12 constituted 66.6% of the 
sites that suggest rainfall and microbial data is associated (Table 12). It is important to note that 
the prevalence’s were calculated without incorporating the data that is considered to be 
borderline significant. Sites 9, 10 and 14 all had borderline significant associations. This 
indicates that continuing data collection at these sites could provide additional evidence to 
further examine the dynamics between microbial data and rainfall in the highlands. The 
similarities in characteristics of these sites should not go unnoticed. Not only are they all 
characteristics of raw, natural water, they all are located in the highlands of the island. In 
addition, the land use of the highlands is concentrated in agriculture and livestock. An 
explanation for this finding is that rainfall is an indicative predictor of water quality in the 
highlands of San Cristóbal. This explanation has been observed in other studies which found that 
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rainfall is a stronger predictor of microbial data in areas with similar land use properties as the 
highlands of this paper (Strauch et al., 2014; Saxena et al., 2015; Faith et al., 1996).  
 The fourth finding indicating that rainfall 30 days preceding the water sample collection 
does not have an effect on either coliform or E. coli was drawn from the lack of evidence to 
suggest any relationship between rainfall sums 30 days before a water sample was collected and 
the microbial data (Table 10). Previous studies have reported no association between rainfall 30 
days prior to sample collection of coliform and E. coli, suggesting coliform and E. coli die out in 
unfavorable conditions such as low temperatures or high pH (Yates et. al, 1988). However, this 
finding is in direct contrast with other research that indicates rainfall 30 days before water 
sample collections may still contain traces of coliforms and E. coli and therefore can be used as 
an indicator of water quality (Saxena et al., 2015). This discrepancy in the existing literature may 
be due to the varying environmental conditions of the studies. The hydrological patterns, land 
use characteristics and high mineral content of this island suggest other variables may factor into 
coliform and E. coli survival rates for San Cristóbal. Research on the growth and endurance of 
both coliforms and E. coli on the island of San Cristóbal would make rainfall temporal 
predictions more accurate.  
 The last finding indicated that there was a lack of evidence to suggest that the spatial 
location of sites along the water treatment process is affected by rainfall. This disconnect would 
suggest that for some locations along the distribution network, water quality is not affected by 
rainfall in the same way it is affected in the highlands. While previous studies have found that 
rainfall was associated with coliform and E. coli bacteria depending on degree of water treatment 
(Thomas et al., 2007), it is likely that the reemergence of bacteria along the distribution network 
is due to reasons that are independent of rainfall, such as contamination through mixing or 
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inappropriate storage conditions. Future research should focus specifically on the relationship of 
each collection site, local rainfall, and position within the distribution network in relation water 
treatment.  
The results of this paper highlighted a strong linear relationship between coliforms, and 
E. coli while indicating that there is a pattern among the residuals. This is mostly likely a 
reflection of the nature of coliform and E. coli testing. The residuals showed patterns of E. coli 
values close to 0 but varying coliform values, this could be due to the testing of coliforms which 
may also pick up E. coli. However, the opposite is not necessarily true because if there are no 
forms of coliforms there is typically a low likelihood of E. coli (Rompré et al., 2002). The results 
reflect that relationship (Table 10).  
RECOMMENDATIONS 
 
The data used in this study found there are associations between rainfall and microbial 
data, however, this does not necessarily support the anecdotal evidence that “more rain causes 
more hospital visits due to gastrointestinal illness.” To specifically analyze that claim, more 
research on should be done on the human behavior and activities during high magnitudes of 
previous rainfall could be collected and analyzed.  
The water most directly involved with human activities (recreational, cooking, bathing) is 
most likely water similar in characteristics to sites 16, 17, 18 and 19.  Because there was 
insufficient evidence to suggest a linear relationship between rainfall and microbial data, there 
may be variables other than rainfall that have a stronger association with microbial data. 
Variables such as cleaning practices of residential cisterns or frequency of residential tap testing 
may be more indicative of water quality than temporal rainfall predictors (Kirs et al., 2017; 
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Carpenter et al., 2003; Walsh et al., 2017). It is evident that without further research using other 
variables as predictors for microbial data this relationship will remain unclear.  
Under the assumption that the anecdotal data is correct, to specifically understand the 
relationship between rainfall and the effect it may have on human health, hospital data should be 
obtained and analyzed. The majority of publications that research similar patterns in rainfall and 
microbe indicators of water quality also incorporate hospital data to specifically associated the 
two variables (Chalmers et al., 2000; Harper et al., 2011; Carlton et al., 2014;  Philipsborn et al., 
2016; Hashizume et al., 2017). 
Due to the considerable evidence to support associations between microbial data and the 
La Toma Spring, Cerro Gato spring and influents of water treatment plants, those areas should be 
avoided when there was significant rain within 7 days. Although there were only 4 residential 
sites that had varying associations of microbes and rainfall, it can be recommended that before 
using this water for cooking purposes after periods of high rainfall boiling would safely lower 
the numbers of coliforms and E. coli in the water and therefore could potentially lower the risk of 
an associated illness (WHO, 2004; Emont et al., 2017). 
LIMITATIONS 
 
The major limitations of this study are the reliability of the data, the lack of consistent 
data samples throughout the year and the small sample size. Although the results did not have 
many inconsistencies of sites showing associations in E. coli but not coliforms, it was still 
prevalent. This may indicate that the accuracy of all the microbial data may not be consistent. 
The possibility of error in the data may have artificially inflated the measures of significance. A 
more accurate understanding of how rainfall affects microbial data could be achieved if the 
sampling dates were consistent throughout the year. As evidenced by Table 2, the water 
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sampling collections dates vary in concentration throughout the year. Because rainfall also varies 
throughout the year, the over representation of dry months may have been a confounding factor 
in the data analysis. Larger sample sizes always yield more accurate results than smaller sample 
sizes and the sample size for this paper was relatively small. Further data collection and research 
would increase the validity of the statistical analysis.  
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CONCLUSION  
 
The relationship between water contamination and rainfall is poorly understood in the 
areas that would benefit the most from the ability to control and predict water quality for human 
use. This knowledge is particularly necessary due to future climate models predicting an increase 
in rainfall across the archipelago. Not only is this research relevant to San Cristóbal and the other 
Galápagos Islands, but its implications also extend to other islands with similar land-use 
properties, weather patterns and water treatment systems.  
In addressing the two original questions, this study provided evidence that rainfall may 
affect certain water quality sampling sites on the San Cristóbal Island, Galápagos, particularly in 
the highlands. Data suggest that rainfall within 3 days is a stronger predictor of microbial data 
than is weekly rainfall. The magnitude of the precipitation event was found to be a stronger 
predictor of water quality than time of the year. There was insufficient evidence to suggest that 
rainfall 30 days before had an effect on the microbial quality of the water. And lastly, it could not 
be concluded that there is a relationship between the position of a site in the water distribution 
system and its microbial data.  
Further research analyzing numbers of patients in the hospital with gastrointestinal illness 
and the existing rainfall data would illuminate the health risks from the anthropogenic response 
to rainfall and water quality that is reflected through the available microbial data.  
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TABLES AND FIGURES 
 
TABLES 
Table 1 Labels and locations of the sites in San Cristóbal Galápagos, where microbial water 
samples were collected throughout the August 2015 to July 2017 study period.  
Label Water Sampling Site 
9 La Toma spring 
10 Cerro Gato spring 
11 Second Floor of the Galápagos Science Center Sink (GSC Sink) 
12 Influent at El Progreso Water Treatment Plant (WTP) (influent) 
13 Effluent at El Progreso Water Treatment Plant (WTP)  (effluent) 
14 Influent at Las Palmeras Water Treatment Plant (WTP) (influent) 
15 Effluent Las Palmeras Water Treatment Plant (WTP) (effluent) 
16 Tourist Bathroom 
17 Residential Cistern 
18 Residential Tap 
19 Public Bathroom 
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Table 2: Table listing which water sampling collection dates during the August 2015 to July 
2017 study period fulfilled the necessary previous rainfall requirement and it’s respective label. 
The table also indicates which collection date occurred in which season and whether it was 
during an El Niño or La Niña Southern Oscillation. In addition, the table depicts average 
cumulative rainfall for each temporal predictor for water sampling collection dates 1-36, 37-40 
and 45-49. These average rainfall measurements provide a representation of rainfall during the 
dry season as well as during an El Niño event and a La Niña event.  
Label 
Water Sampling 
Collection Date 
Month, Season 
El Niño/La 
Niña 
Average Cumulative 
Rainfall  
1 6/15/17 June, Dry    
Temporal 
Predictor 
Average 
Cumulative 
Rainfall 
24 hours 5.6 
48 hours 8.2 
72 hours 11.4 
7 days 22.9 
15 days 47.1 
30 days 85.3 
2 6/20/17 June, Dry   
3 6/27/17 June, Dry   
4 7/4/17 July, Dry   
5 7/12/17 July, Dry  
6 7/20/17 July, Dry   
34 8/26/15 August, Dry   
35 9/30/15 September, Dry  
36 10/30/15 October, Dry  
37 12/2/15 December, Rainy El Niño 
 
Temporal 
Predictor 
Average 
Cumulative 
Rainfall 
24 hours 21.5 
48 hours 27.7 
72 hours 34.9 
7 days 74.4 
15 days 205. 
30 days 193. 
38 1/15/16 January, Rainy El Niño 
39 2/11/16 February, Rainy El Niño 
40 2/24/16 February, Rainy  El Niño 
41 4/5/16 April, Rainy   
42 5/17/16 May, Rainy   
43 6/8/16 June. Dry   
44 7/5/16 July, Dry   
45 8/14/16 August, Dry La Niña 
Temporal 
Predictor 
Average 
Cumulative 
Rainfall 
24 hours 2.03 
48 hours 3.64 
72 hours 5.42 
7 days 8.30 
46 9/24/16 September, Dry La Niña 
47 10/20/16 October, Dry  La Niña 
48 11/25/16 November, Dry La Niña 
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49 12/13/16 December, Dry  
 
15 days 19.7 
30 days 55.5 
50 1/1/17 January, Rainy   
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Table 3: Table listing which water sampling collection dates during the August 2015 to July 
2017 study period fulfilled the necessary previous rainfall requirement for each temporal rainfall 
group. That requirement is added in the tables below each temporal rainfall group and the values 
necessary for each quartile.  
 Water Sampling Collection Date Label  
Temporal Rainfall 
3rd Quartile Middle Quartile 1st Quartile 
24 hours Before 
Quartile Rainfall in 
mm  
3rd 4.32-650. 
Mid  0.26-4.32 
1st  0-.25   
 
3, 4, 36, 37, 46 
 
 
5, 6, 35, 39, 42, 44, 45, 
49, 50 
 
 
1, 2, 38, 40, 41, 43, 47,  
48 
48 hours Before 
Quartile Rainfall in 
mm  
3rd 7.87-650. 
Mid 0.25-7.87 
1st  0-0.25 
 
 
3, 5, 36, 37, 46 
 
4, 6, 35, 39, 42, 43, 44, 
45, 48, 49, 50 
 
1, 2, 34, 38, 40, 41, 47 
72 hours Before 
Quartile Rainfall in 
mm  
3rd 15.2-652. 
Mid  0.76-15.2 
1st 0-0.76 
 
 
3, 4, 35, 36, 37 
 
5, 6, 39, 42, 44, 45, 46, 
47, 48, 49 
 
1, 2, 34, 38, 40, 41, 43 
7 days Before 
Quartile Rainfall in 
mm  
3rd 27.3-287. 
Mid  4.1-27 
1st 0.25-4.06 
 
 
3, 4, 6, 35, 36, 37 
 
 
5, 34, 39, 43, 44, 45, 46, 
47, 48, 49, 50 
 
 
1, 2, 38, 40, 41, 42 
 
15 days Before 
Quartile Rainfall in 
mm  
3rd  62-399 
Mid 24.0-62 
1st 3.03-24.0 
 
 
4, 5, 35, 36, 37, 38 
 
1, 3, 6, 34, 39, 40, 44, 
45, 48, 49, 50 
 
 
2, 41, 42, 43, 46, 47 
 
30 days Before 
Quartile Rainfall in 
mm 
3rd 104.-431. 
Mid 50.9-104 
1st  31.0-50 
 
 
6, 34, 35, 36, 37, 39 
 
 
1, 2, 3, 4, 5, 40, 41, 45, 
46, 47, 50 
 
 
38, 42, 43, 44, 48, 49 
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Table 4: Cluster possibilities for the linear mixed effects model approach of the data analysis. 
Each cluster represents a different model. The groupings within each cluster represent the sites 
that are assumed to have similar microbial characteristics due to their geographical and spatial 
similarities. Each column lists the different sites grouped together for the linear mixed effects 
model.  
Cluster Sites in Group 1 Sites in Group 2 Sites in Group 3 Sites in Group 4 
1 9,10 12, 13 14, 15 18, 17, 16, 19, 11 
2 9, 10, 12, 13 14, 15 18, 17, 16, 19, 11  
3 9,10 12, 13, 14, 15, 18, 17, 16, 19, 11  
4 9,10,12,14 13,15 18, 17, 16, 19, 11  
5 9,10,12,14 18, 17, 16, 19, 11, 13, 15   
6 9, 12, 13 10, 14, 15 18, 17, 16, 19, 11  
 
 
Table 5: Statistical output of the linear model created to analyze the relationship of the log 
transformed coliform data and the E. coli data.   
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) -0.06738 0.05179 -1.301 0.195 
Coliforms 0.51165 0.02500 20.464 <2e-16 
Residual standard error: 0.5566 on 229 degrees of freedom 
Multiple R-squared:  0.6465, Adjusted R-squared:  0.6449  
F-statistic: 418.8 on 1 and 229 DF, p-value: < 2.2e-16 
 
Table 6: R output of the preliminary backward stepwise selection. Represents coliform across all 
sites for temporal rainfall predictions 7, 15 and 30 days before.   
30 days before 15 days before 7 days before 
 
Coefficient P-value Coefficient P-value Coefficient P-value 
site9 -0.004897 0.0716 -0.003388 0.0922 0.009188 0.084 
site10 -0.006279 0.0283 -0.004652 0.029 0.012378 0.0278 
site11 7.76E-05 0.959 -3.02E-04 0.787 -3.72E-04 0.899 
site12 -0.006383 0.0321   0.008282 0.0956 
site13 -0.0011958 0.52 -0.0009799 0.48 0.0013205 0.717 
site14 -0.004946 0.236 -0.001781 0.56 0.008095 0.32 
site15 -0.002472 0.3657 -0.001265 0.5317 0.006517 0.2285 
site16 -0.0002269 0.822 -0.0004187 0.578 0.0001809 0.927 
site17 -0.009071 0.055   0.018844 0.0223 
site18 -0.009807 0.0355   0.018795 0.02 
site19   -0.001314 0.6415 0.003121 0.512 
Average -0.004547 0.00773 -0.002307 0.05656 0.008414 0.01125 
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Table 7: R output of the preliminary backward stepwise selection. Represents coliform across all 
sites for temporal rainfall predictions of 24, 48 and 72 hours before.   
24 hours before 48 hours before 72 hours before  
Coefficient P-value Coefficient P-value Coefficient P-value 
site9 -0.019395 0.783 0.021221 0.862 -0.003668 0.947 
site10 -0.03602 0.651 -0.004652 0.669 -0.02468 0.695 
site11 1.80E-02 0.959 6.28E-01 0.657 1.04E-02 0.723 
site12 -0.07356 0.338 0.11508 0.387 -0.04335 0.473 
site13 -4.57E-05 0.9992 1.40E-02 0.8623 -1.44E-02 0.6958 
site14 0.08915 0.387 -0.1694 0.345 0.07878 0.335 
site15 -0.04209 0.5398 0.05625 0.6362 -0.01473 0.7852 
site16 -0.01246 0.618 0.02787 0.521 0.0001809 0.433 
site17 -0.028201 0.826545 0.009133 0.96736 0.020567 0.839746 
site18 0.005178 0.967 -0.071759 0.741 0.0667 0.501 
site19 0.03854 0.685 -0.10472 0.527 0.06536 0.389 
Average -0.0077684 0.869 0.0067569 0.934 0.0000551 0.999 
 
Table 8: R output of the preliminary backward stepwise selection. Represents E. coli across all 
sites for temporal rainfall predictions 7, 15 and 30 days before.  
E. coli 
 30 days before 15 days before 7 days before 
 Coefficient P-value Coefficient P-value Coefficient P-value 
site9 -0.007415 0.01974 -0.006087 0.01125 0.018649 0.00412 
site10 -0.004212 0.0757 
  
0.006869 0.089 
site11 
      
site12 -0.005366 0.0391 
  
0.00806 0.0665 
site13 
      
site14 -0.003484 0.273484 
  
0.009747 0.080166 
site15 -0.0011299 0.4069 -0.0001829 0.8556 0.0066148 0.0205 
site16 
      
site17 -0.002041 0.4223 0.002739 0.5816 -0.001789 0.3462 
site18 -0.00637 0.043745 
  
0.010133 0.043745 
site19 
    
0.004558 0.0108 
Average -0.003186 0.0168 
  
0.004808 0.0322 
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Table 9: R output of the preliminary backward stepwise selection. Represents coliform across all 
sites for temporal rainfall predictions 24, 48 and 72 hours before.  
E. coli 
 24 hours before 48 hours before 72 hours before 
 Coefficient P-value Coefficient P-value Coefficient P-value 
site9 -0.007415 0.01974 -0.006087 0.01125 0.018649 0.00412 
site10 -0.013369 0.826 -0.002376 0.982 0.014649 0.76 
site11 
      
site12 -0.06286 0.349 0.09374 0.42 -0.03234 0.54 
site13 
      
site14 -0.003484 0.273484 
  
0.009747 0.080166 
site15 -0.050590 0.142 0.040460 0.488 0.010151 0.701 
site16 
      
site17 -0.001994 0.9755 0.017187 0.8789 -0.01582 0.7584 
site18 -0.06599 0.40428 0.09718 0.47802 -0.03218 0.60484 
site19 -0.0903 0.0428 0.11304 0.1338 -0.02274 0.4974 
Average -0.01689 0.635 0.01972 0.749 -0.00347 0.902 
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Table 10: Summary of the statistical models run for each site and the different quartiles for each 
of the temporal predictors. The numbers in the tables represent the different sites that had linear 
models with p-value’s less than the critical value of 0.05. The borderline significant p-values are 
highlighted in blue and formatted to the bottom left of the respective cell. 
 Sites Yielding Significant Association Results  
Temporal Rainfall 3rd Quartile Middle Quartile 1st Quartile 
 Coliforms E. coli Coliforms E. coli Coliforms E. coli 
24 hours Before 
Quartile Rainfall in 
mm  
3rd 4.3-650. 
Mid  0.26-4.3 
1st  0-.25    
 
 
9, 10, 12 
 
10, 12 
 
 
 
 
 
18  
  
48 hours Before 
Quartile Rainfall in 
mm  
3rd 7.87-650. 
Mid 0.25-7.87 
1st  0-0.25 
 
 
9, 10, 12 
 
9, 12 
 
10 
  
 
 
14 
  
72 hours Before 
Quartile Rainfall in 
mm  
3rd 15.2-652. 
Mid  0.76-15.2 
1st 0-0.76 
 
 
 
 
9 
   
 
 
9, 10, 18 
 
9  
 
10 
7 days Before 
Quartile Rainfall in 
mm  
3rd 27.3-287. 
Mid  4.06-27 
1st 0.25-4.06 
 
 
15 
 
15, 18 
 
 
 
 
 
12 
 
15 days Before 
Quartile Rainfall in 
mm  
3rd  62.-399. 
Mid 24.0-62. 
1st 3.03-24.0 
 
 
17 
 
18 
 
   
15 
 
 
 
30 days Before 
Quartile Rainfall in 
mm 
3rd 104.-430. 
Mid 50.9-104. 
1st  31.0-50 
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Table 11: Summary of the frequency and prevalence of statistically significant associations for 
each temporal prediction. In addition to frequency and prevalence measurements for each 
quartile.   
Temporal 
Prediction 
Frequency 
Borderline 
Frequency 
Temporal 
Prediction 
Prevalence 
Quartile Frequency 
Borderline 
Frequency 
Quartile 
Prevalence 
24 hour 5 1 23.8% 
3rd 15 2 71.4% 
48 hour 5 2 23.8% 
72 hour 4 2 19% 
Mid 0 2 0% 
7 day 4  19% 
15 day 3  14.3% 
1st 6 1 28.6% 
30 day 0  0% 
 
Table 12: Summary of the frequency and prevalence of statistically significant associations for 
each coliform and E. coli at each site. 
Site 
Coliform 
Frequency 
E. coli 
Frequency 
Total 
Frequency 
Borderline 
Frequency 
Site 
Prevalence 
9 3 2 5  23.8% 
10 3 1 4 2 19% 
12 3 2 5  23.8% 
14    1  
15 2 1 3  14.3% 
17 1  1  4.76% 
18 1 2 3  14.3% 
 
 
 
 
Table 13: Example of R output from analyzing rainfall 7 days before water sample collection 
and E. coli for cluster 1.  
 Estimate Std. Error z value Pr(|z|) 
 0.001689 0.002080 0.812 0.738 
 -0.002973 0.002080 -1.429 0.331 
 0.001398 0.001740 0.803 0.744 
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FIGURES  
 
Figure 1: Map representing the locations of the Water Sampling Sites, El Junco and 
Levelloggers relative to the island topography and elevation.  
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Figure 2: Map reflecting the position of water sampling sites relative to each other and the 
average coliform and E. coli counts for each site.  
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Figure 3: Visual representation of the linear relationship of the coliform 
occurrence and E. coli occurrence data. 
 
 
Figure 4: Visual representation of the residuals vs fitted values of the linear model for coliform 
and E. coli data.   
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Figure 5: Plot of coliforms vs E. coli in addition to the line of best fit created by the linear 
model. Actual values are represented by the colored points and the predicted values are the non-
colored points. 
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APPENDIX 
 APPENDIX A: Tables of all sites with evidence to suggest a significant association 
between those sites and the temporal rainfall prediction. These results are summarized in Table 
10.  
 
Site 15: Coliforms: Most Rain (3rd Quartile) (27.281 - 287.00mm) 
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) -0.32005 0.139190 -2.300 0.08297 
7 days before 0.005793 0.001047 5.535 0.00521 
Residual standard error: 0.2305 on 4 degrees of freedom 
Multiple R-squared:  0.8845, Adjusted R-squared:  0.8556  
F-statistic: 30.63 on 1 and 4 DF,  p-value: 0.005209 
 
Site 15: E. coli, Most Rain (3rd Quartile) (27.281 - 287.00mm) 
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) -0.387960 0.168700 -2.300 0.08297 
7 days before 0.007022 0.001269 5.535 0.00521 
Residual standard error: 0.2793 on 4 degrees of freedom 
Multiple R-squared:  0.8845, Adjusted R-squared:  0.8556  
F-statistic: 30.63 on 1 and 4 DF,  p-value: 0.005209 
 
Site 18: E. coli, Most Rain (3rd Quartile) (27.281 - 287.00mm) 
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) -0.369889 0.160482 -2.300 0.08297 
7 days before 0.00695 0.001210 5.535 0.00521 
Residual standard error: 0.2663 on 4 degrees of freedom 
Multiple R-squared:  0.8845, Adjusted R-squared:  0.8556  
F-statistic: 30.63 on 1 and 4 DF,  p-value: 0.005209 
 
Site 12: Coliforms, Least Rain (1st Quartile) (0.254 - 4.064mm) 
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) 1.87405 0.17474 10.725 0.000428 
7 days before 0.25739 0.07667 3.357 0.028386 
Residual standard error: 0.2575 on 4 degrees of freedom 
Multiple R-squared:  0.738, Adjusted R-squared:  0.6725  
F-statistic: 11.27 on 1 and 4 DF,  p-value: 0.02839 
 
Site 15: Coliforms, Least Rain (1st Quartile) (1.01 - 50mm)  
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) -0.50442 0.27844 -1.812 0.1443 
15 days before 0.07113 0.01861 3.821 0.0188 
Residual standard error: 0.309 on 4 degrees of freedom 
Multiple R-squared:  0.785, Adjusted R-squared:  0.7312  
F-statistic:  14.6 on 1 and 4 DF,  p-value: 0.01876 
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Site 17: Coliforms, Most Rain (3rd Quartile) (62- 399mm) 
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) -0.172768 0.442163 -0.391 0.71209 
15 days before 0.009012 0.001999 4.508 0.00635 
Residual standard error: 0.7384 on 5 degrees of freedom 
Multiple R-squared:  0.8025, Adjusted R-squared:  0.7631  
F-statistic: 20.32 on 1 and 5 DF,  p-value: 0.006352 
 
Site 18: E. coli, Most Rain (3rd Quartile) (62- 399mm)  
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) -0.5240108 0.2208529 -2.373 0.07660 
15 days before 0.0055775 0.0009254 6.027 0.00382 
Residual standard error: 0.3096 on 4 degrees of freedom 
Multiple R-squared:  0.9008, Adjusted R-squared:  0.876  
F-statistic: 36.33 on 1 and 4 DF,  p-value: 0.003819 
 
Site 9: Coliform, Most Rain (3rd Quartile) (4.318-650.494mm)  
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) 3.7109769 0.2053702 18.070 0.00037 
24 hours before -0.0026597 0.0006996 -3.802 0.03196 
Residual standard error: 0.3914 on 3 degrees of freedom 
Multiple R-squared:  0.8281, Adjusted R-squared:  0.7708  
F-statistic: 14.46 on 1 and 3 DF,  p-value: 0.03196 
 
 Site 10: Coliform Most Rain (3rd Quartile) (4.318-650.494mm)  
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) 3.4872144 0.1891249 18.439 0.000348 
24 hours before -0.0020798 0.0006442 -3.228 0.048274 
Residual standard error: 0.3604 on 3 degrees of freedom 
Multiple R-squared:  0.776, Adjusted R-squared:  0.702  
F-statistic: 10.42 on 1 and 3 DF,  p-value: 0.04827 
 
 Site 12: Coliform Most Rain (3rd Quartile) (4.318-650.494mm)  
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) 2.939217 0.079861 36.804 4.41e-05 
24 hours before -0.002538 0.000272 -9.329 0.00261 
Residual standard error: 0.1522 on 3 degrees of freedom 
Multiple R-squared:  0.9667, Adjusted R-squared:  0.9556  
F-statistic: 87.04 on 1 and 3 DF,  p-value: 0.002607 
 52 
 
 
 
 
 
 
Site 9: Coliform Most Rain (3rd Quartile) (7.874-650.798mm) 
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) 3.7310931 0.1977112 18.871 0.000325 
48 hours before -0.0027018 0.0006695 -4.036 0.027367 
Residual standard error: 0.3711 on 3 degrees of freedom 
Multiple R-squared:  0.8444, Adjusted R-squared:  0.7926  
F-statistic: 16.29 on 1 and 3 DF,  p-value: 0.02737 
 
Site 10: Coliform Most Rain (3rd Quartile) (7.874-650.798mm)  
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) 3.6269470 0.1810904 20.028 0.000272 
48 hours before -0.0023282 0.0006132 -3.797 0.032077 
Residual standard error: 0.3399 on 3 degrees of freedom 
Multiple R-squared:  0.8277, Adjusted R-squared:  0.7703  
F-statistic: 14.41 on 1 and 3 DF,  p-value: 0.03208 
 
Site 12: Coliform Most Rain (3rd Quartile) (7.874-650.798mm)  
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) 3.0292660 0.1029753 29.417 8.63e-05 
48 hours before -0.0026759 0.0003487 -7.674 0.0046 
Residual standard error: 0.1933 on 3 degrees of freedom 
Multiple R-squared:  0.951, Adjusted R-squared:  0.9354  
F-statistic: 58.89 on 1 and 3 DF,  p-value: 0.004598 
 
Site 9: Coliform Least Rain (1st Quartile) (0-0.762mm)  
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) 2.1952 0.2225 9.866 0.000182 
72 hours before 1.8484 0.5058 3.655 0.014675 
Residual standard error: 0.3945 on 5 degrees of freedom 
Multiple R-squared:  0.7276, Adjusted R-squared:  0.6732  
F-statistic: 13.36 on 1 and 5 DF,  p-value: 0.01467 
 
Site 10: Coliform Least Rain (1st Quartile) (0-0.762mm)  
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) 2.1253 0.3342 6.359 0.00142 
72 hours before 2.5807 0.7597 3.397 0.01931 
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Residual standard error: 0.5925 on 5 degrees of freedom 
Multiple R-squared:  0.6977, Adjusted R-squared:  0.6372  
F-statistic: 11.54 on 1 and 5 DF,  p-value: 0.01931 
 
 
 
 
 
 
Site 18: Coliform Least Rain (1st Quartile) (0-0.762mm)  
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) 0.4316 0.5221 0.827 0.4460 
72 hours before 3.3684 1.1867 2.838 0.0363 
Residual standard error: 0.9255 on 5 degrees of freedom 
Multiple R-squared:  0.6171, Adjusted R-squared:  0.5405  
F-statistic: 8.057 on 1 and 5 DF,  p-value: 0.03631 
 
Site 9: Coliform Most Rain (3rd Quartile) (15.240-655.018mm) (Borderline Significance) 
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) 3.3663618 0.2226904 15.117 0.000628 
72 hours before -0.0020529 0.0007463 -2.751 0.070700 
Residual standard error: 0.409 on 3 degrees of freedom 
Multiple R-squared:  0.7161, Adjusted R-squared:  0.6214  
F-statistic: 7.566 on 1 and 3 DF,  p-value: 0.0707 
 
 Site 10: E. coli Most Rain (3rd Quartile) (4.318-650.494mm)  
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) 2.2958503 0.1307650 17.557 0.000403 
24 hours before -0.0015157 0.0004454 -3.403 0.042373 
Residual standard error: 0.2492 on 3 degrees of freedom 
Multiple R-squared:  0.7942, Adjusted R-squared:  0.7256  
F-statistic: 11.58 on 1 and 3 DF,  p-value: 0.04237 
 
Site 12: E. coli Most Rain (3rd Quartile) (4.318-650.494mm)  
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) 2.0183779 0.1751885 11.521 0.0014 
24 hours before -0.0026085 0.0005967 -4.371 0.0221 
Residual standard error: 0.3339 on 3 degrees of freedom 
Multiple R-squared:  0.8643, Adjusted R-squared:  0.8191  
F-statistic: 19.11 on 1 and 3 DF,  p-value: 0.02215 
 
Site 14: E. coli Least Rain (1st Quartile) (0-0.254mm)  (Borderline Significance) 
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Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) 1.0008 0.2891 3.462 0.0180 
48 hours before -3.3372 1.5055 -2.217 0.0774 
Residual standard error: 0.5007 on 5 degrees of freedom 
Multiple R-squared:  0.4957, Adjusted R-squared:  0.3948  
F-statistic: 4.914 on 1 and 5 DF,  p-value: 0.07744 
 
 
 
 
 
Site 18: E. coli Middle Rain (Mid Quartile) (0.255-4.138mm (Borderline Significance) 
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) 1.3921 0.4513 3.085 0.0177 
24 hours before -0.3712 0.1910 -1.944 0.0930 
Residual standard error: 0.812 on 7 degrees of freedom 
Multiple R-squared:  0.3505, Adjusted R-squared:  0.2577  
F-statistic: 3.778 on 1 and 7 DF,  p-value: 0.09304 
 
Site 14: E. coli Middle Rain (Mid Quartile) (0.254-7.874mm)  (Borderline Significance) 
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) 2.0354 0.2516 8.091 2.02e-05 
48 hours before -0.2039 0.1020 -1.999 0.0767 
Residual standard error: 0.5782 on 9 degrees of freedom 
Multiple R-squared:  0.3075, Adjusted R-squared:  0.2306  
F-statistic: 3.997 on 1 and 9 DF,  p-value: 0.07666 
 
Site 18: E. coli Middle Rain (Mid Quartile) (0.254-7.874mm)  
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) 1.4690 0.3009 4.883 0.000868 
48 hours before -0.3516 0.1220 -2.882 0.018116 
Residual standard error: 0.6915 on 9 degrees of freedom 
Multiple R-squared:   0.48, Adjusted R-squared:  0.4222  
F-statistic: 8.306 on 1 and 9 DF,  p-value: 0.01812 
 
Site 9: E. coli Most Rain (3rd Quartile) (7.874-650.798mm)  
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) 2.8693315 0.1743245 16.460 0.000488 
48 hours before -0.0022067 0.0005903 -3.738 0.033387 
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Residual standard error: 0.3272 on 3 degrees of freedom 
Multiple R-squared:  0.8233, Adjusted R-squared:  0.7643  
F-statistic: 13.97 on 1 and 3 DF,  p-value: 0.03339 
 
Site 10: E. coli Most Rain (3rd Quartile) (7.874-650.798mm) (Borderline Significance) 
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) 2.258831 0.170984 13.211 0.000937 
48 hours before -0.001427 0.000579 -2.465 0.090492 
Residual standard error: 0.3209 on 3 degrees of freedom 
Multiple R-squared:  0.6694, Adjusted R-squared:  0.5592  
F-statistic: 6.075 on 1 and 3 DF,  p-value: 0.09049 
 
 
 
 
Site 12: E. coli Most Rain (3rd Quartile) (7.874-650.798mm) 
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) 2.0070896 0.2103916 9.540 0.00244 
48 hours before -0.0025712 0.0007125 -3.609 0.03653 
Residual standard error: 0.3949 on 3 degrees of freedom 
Multiple R-squared:  0.8128, Adjusted R-squared:  0.7504  
F-statistic: 13.02 on 1 and 3 DF,  p-value: 0.03653 
 
Site 9: E. coli Least Rain (1st Quartile) (0-0.762mm)  
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) 0.4496 0.2207 2.037 0.09723 
72 hours before 2.7243 0.5017 5.430 0.00287 
Residual standard error: 0.3913 on 5 degrees of freedom 
Multiple R-squared:  0.855, Adjusted R-squared:  0.826  
F-statistic: 29.48 on 1 and 5 DF,  p-value: 0.002872 
 
Site 10: E. coli Least Rain (1st Quartile) (0-0.762mm) (Borderline Significance) 
Variable Coefficient Standard Error t value Pr(>|t|) 
(Intercept) 0.8725 0.3822 2.283 0.0713 
72 hours before 1.9842 0.8687 2.284 0.0712 
Residual standard error: 0.6775 on 5 degrees of freedom 
Multiple R-squared:  0.5106, Adjusted R-squared:  0.4127  
F-statistic: 5.217 on 1 and 5 DF,  p-value: 0.07118 
 
 
 
